In this paper, an electrical energy system comprising three energy sources, namely PV, fuel cells, and batteries is proposed to provide the power requirement for an EcoHouse. A systematic system sizing was used to determine the minimum capacity of the system components to assure reliable electricity supply to the Eco-House. Actual load data for a typical Omani house with similar size as the ecohouse was considered as the stand-alone load with an average energy consumption of 41 kWh/day and 4.7 kW peak power demand. Dynamic modeling and simulation for each renewable energy sources was done by MATLAB. Transient responses of the system for a step change in electrical load is presented.
INTRODUCTION
The increasing need for energy coupled with global environmental concerns about greenhouse gas emission together with steady progress in renewable energy technologies, are opening up new opportunities for utilization of renewable energy sources (RES). Solar and wind power generation are two of the most promising renewable power generation technologies in which their growth has exceeded the most optimistic estimation [1] . However, the problems of most renewable energy resources are the intermittence of the supply. One way to overcome this is to use a hybrid renewable energy system, where the excess energy could be converted and stored, and used when needed. The hybrid energy system can include a battery which normally use for short-term energy storage due to its fast charging/discharging and capacity for smoothing the fluctuating of both load and renewable energy sources. Fuel cells with H 2 storage tank can be used for long-term energy storage to improve the performance of standalone RES system. A hybrid renewable energy system with fuel cell technology has been suggested by various researchers for small-scale power generation owing to its high efficiency and flexible modular structure [2] [3] [4] [5] [6] .
Most areas in Oman has a high level of solar radiation, but this level is varying according to the location. The northern parts and desert of Oman has the highest solar energy density while the coastal areas in the southern part have the lowest solar energy density and relatively high wind speed [7] . The eco-house will be built in Sultan Qaboos University (SQU) in Muscat city, in which the yearly average daily value of solar radiation is 6.4 kWh/m 2 /day [8] . The electricity consumption in Oman during summer is about three times the consumption in winter. Most of energy consumption goes to building cooling.
This sharp increase in energy requirement introduces heavy load on the economy and on the power generation sector in the country. The residential sector is the largest consumer category with its consumption taking more than half of the total system energy [9] . Therefore, decreasing the residential load can contribute effectively in reducing this huge power demand fluctuation. One way to achieve this is by making our buildings depend on natural, passive, or active cooling methods instead of consuming more electric energy. Another way is to use renewable energy resources to provide the power requirements.
In this paper, a stand-alone hybrid energy system, consisting of fuel cell, PV and batteries, is proposed to provide the power requirement for an eco-house. The system is sized to provide reliable energy, in which the PV and fuel cell are the primary power source. Battery system was added to store any excess power available and to provide this energy when needed. Dynamic modeling for each component of the hybrid system is also discussed. The rest of the paper is organized as follows: the hybrid energy system to be modeled is described in section II and the system units sizing is given in section III. Dynamic modeling of different parts of the hybrid system is presented in section IV. Simulation results to validate the proposed dynamic modeling are shown in section V. Conclusion is given in section VI.
HYBRID ENERGY SYSTEM
A schematic diagram for the hybrid system is presented in Fig. 1 . The proposed system consists of a photovoltaic module, battery units, and a proton exchange membrane (PEM) fuel cell stack. The fuel cell delivers the current difference between the load current and the PV current. 
SYSTEM UNIT SIZING
The objective is to properly size the system components to assure reliable electricity supply to the Eco-House.
1) Sizing of PV
The PV system is sized to assure reliable electricity supply for the eco-house during the day time and provide the energy needed to charge the batteries. The energy produce by the PV will depend on several factors such as the solar radiation, the type of the PV used, the orientation of the PV modules and the temperature A typical hourly average electricity consumption of a typical household in Oman during summer is presented in Fig. 3 , which has the same size as the Eco-House.
The purpose of unit sizing is to minimize the difference (∆P) between the generated electrical power (P g ) and the load power demand (P L ) over a period of time.
(1) Capacity factor (CF) of renewable energy source is defined as the ratio of the average output power (P) to the rated power (P r ) over a period of time,
The capacity factor of PV ( in Oman can be taken as 0.19 [8] .
Thus to determine the PV array size, the following steps should be followed:
(
Where is the rated power for the PV array.
To balance the generation and the demand power, the rated power for the PV array is determined as:
From Fig. 3 , the average power required by the house is 4.7 kW, thus, .
2) Sizing of Fuel Cell
Fuel Cell (FC) provides the energy requirement for the ecohouse when there is no solar power. The FC needs to supply the peak power demand when in case of unavailability of solar power. From Fig. 3 , the peak power demand is 6 kW and fuel cell should be able to satisfy this peak load requirement. Considering the system losses and leaving a safety margin of 15%, therefore the size of FC should be 7 kW. 
3) Sizing of Battery
The size of batteries is selected such that they should be able to provide the required energy for a sudden increase in power demand for short period of times during the day. The batteries are sized such that they will able to provide the average energy of the hybrid system for a period of 30 minutes as follow: 
4) Surface Area required for PV array
Selecting a 240 W PV module with area of 1.69 m 2 [11] ; the details for the PV module is presented in Table 1 
5) System Cost
The breakdown of the total system cost is shown in Table 2 . 
Item

Cost (US $)
SYSTEM DYNAMIC MODELLING
Dynamic modeling of individual subsystems is explained in this section.
1) Model of Solar Cell
A mathematical description of the output characteristics for a photovoltaic cell has been extensively studied [12] . The PV cell is usually modeled as shown in Fig. 4 . This equivalent circuit consists of a current source representing the effect of radiation, a diode, a series resistor describing the resistance of the wires to the current flow, and a parallel resistor to represent the cell leakage current. 
where is the cell output current, is the photocurrent, is the reverse saturation current, is the current through diode, is a factor, q is an electron charge ( ), is a Boltzmann's constant, T is the operating temperature (in Kelvin), is the intrinsic series resistance, is the equivalent shunt resistance, and is the cell output voltage. Using (4)- (6) and neglecting the shunt and series resistances effects, one can write the solar cell output current as:
The cell output voltage can be written as:
and the cell open circuit voltage is obtained from (8) as:
2) Fuel Cell Model Fuel cells are devices that convert the chemical energy into electrical energy. Fuel cells are classified according to the type of electrolyte used in these cells. One of the promising types of fuel cells is the proton exchange membrane fuel cells (PEMFCs) because they are environment friendly and have high efficiency [13] .
The flow of hydrogen gas through a valve is related to its pressure inside a channel by [14] [15] 
where are the hydrogen input flow, output flow, and flow during the reaction respectively. The variables R and T are the universal gas constant [(1 atm)/(kmol.K)] and absolute temperature [K] respectively.
The hydrogen flow rate during reaction is given by [13] : (12) where is a constant and is the system feedback current.
Using (10)- (12), the hydrogen partial pressure as function of the Laplace transform variable is expressed as:
where is the hydrogen time constant [s].
Assuming constant temperature and oxygen concentration, the FC output voltage is determined by the combined effect of thermodynamics, ohmic resistance, and mass transport [16] :
where B , C are constants needed to simulate the activation over voltage in PEMFC, is the FC internal resistance and E is Nernst instantaneous voltage given by:
The system of fuel cell consumes hydrogen according to power requirement whereas the reformer continuously generates hydrogen. The reformer dynamics can be modeled as [17] :
where CF is the conversion factor [kmol of hydrogen per kmol of methane, is the methane flow rate [ kmol/s] and are the reformer time constants. A PI controller is used to control the hydrogen flow rate according to the output power demand of the FC system. The load current is converted to a required hydrogen flow rate according to : (17) where is the number of series FC in the stack, F is the Faraday's constant [C/kmol], and U is the utilization factor. The difference between the required hydrogen flow rate and the input hydrogen flow rate is fed to a PI controller to determine the amount of the methane flow rate according to:
where is the proportional-integral (PI) gain. Simulation Results Simulink models for the three types of renewable energy sources discussed in section IV are built and simulated. Equations (4)- (9) are used to build the simulink model for PV system as shown in Fig. 7 . A PWM, IGBT inverter is used to convert the PV dc output voltage into ac voltage suitable for household application. The PV system is designed according to the load size. The output power of the PV will depend on the number of parallel/series modules. According to the sizing of PV system, the output power of the PV was calculated earlier as 25 kW. The system is simulated under the operating temperature of 35C o and irradiation of 1000 (W/m 2 ). The simulation results of the AC load voltage, current and average load power are shown in Figs. 8-10 respectively. It should be noted that since the PV is designed to provide around 25 kW at 240 V, the value of the load current exceeds 100 A. Using previous equations for fuel cell, a Matlab model was developed as shown in Fig. 11 . The AC load voltage waveform is depicted in Figure 12 with RMS value of about 240 V. Simulation results are obtained for step change in the load. The load is assumed to be doubled at time 0.25 s as shown in load current waveform in Figure  13 in which the current was increased form 18 A to around 36 A. Figure 14 presents the output power from the fuel cell which approach 7 kW based on the system design requirement.
5.
CONCLUSION A systematic system sizing was used to determine the minimum capacity of the renewable energy system components to assure reliable electricity supply to the ecohouse. Actual load data for a typical Omani house with similar size as eco-House was considered as the stand-alone load with an average energy consumption of 41 kWh/day and 4.7 kW peak power demand. During daytime, when the solar radiation is high, the PV panels supplied most of the load requirements. Moreover, during the night time the Fuel cell mainly serves the house with the help of the batteries. Modeling and simulation of the three types of renewable energy sources are presented. It is recommended to use power management system to manage the PV system, fuel cells, batteries charging system, and load dispatching in the eco-house. 
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